Vasohibin-1 (Vash1), originally isolated as an endothelium-derived angiogenesis inhibitor, has a characteristic of promoting stress tolerance in endothelial cells (ECs). We therefore speculated that the lack of the vash1 gene would result in a short lifespan. However, to our surprise, vash1 −/− mice lived significantly longer with a milder senescence phenotype than wild-type (WT) mice. We sought the cause of this healthy longevity and found that vash1 −/− mice exhibited mild insulin resistance along with reduced expression of the insulin receptor (insr), insulin receptor substrate 1 (irs-1), and insulin receptor substrate 2 (irs-2) in their white adipose tissue (WAT) but not in their liver or skeletal muscle. The expression of vash1 dominated in the WAT among those 3 organs. Importantly, vash1 −/− mice did not develop diabetes even when fed a high-fat diet. These results indicate that the expression of vash1 was required for the normal insulin sensitivity of the WAT and that the target molecules for this activity were insr, irs1, and irs2. The lack of vash1 caused mild insulin resistance without the outbreak of overt diabetes and might contribute to healthy longevity.
Introduction
The average human lifespan has been substantially elongated due to the improvement of public health and medical care in developed countries. Aging is associated with numerous changes to systemic physiology that affect physical function and performance. Moreover, aging is closely associated with various pathological conditions such as cancer and cardiovascular and neurodegenerative diseases. For this reason, aging has now become the greatest risk factor for disability and mortality, and healthy longevity has become one of the major objectives of medical research [1] .
Numerous studies have being focused on the mechanism of aging [2] , and so far they have revealed certain genes and signaling pathways that contribute to the regulation of the lifespan [3, 4] . Among them, insulin signaling plays a crucial and evolutionally conserved role in longevity [5, 6] . Decreased insulin signaling for longevity was first demonstrated in C. elegance [7] and next Drosophila [8] and further confirmed in mammals [9] . Indeed, the fat-tissue specific knockout of the insulin receptor gene in mice results in an extended lifespan [9] . However, as insulin signaling is essential for glucose homeostasis, this decreased insulin signaling should cause diabetes mellitus. Such a paradox has raised a challenging question as to how the preserved insulin signaling for glucose homeostasis and the reduced insulin signaling for longevity can be balanced [10] .
The vascular system is one of the major target organs affected by aging [11, 12] . In order to maintain vascular integrity, vascular endothelial cells (ECs) should have selfdefense systems. We previously reported that vasohibin-1 (Vash1) could be one of such systems [13] . Vash1 was originally isolated as an angiogenesis inhibitor was preferentially expressed in ECs for negative-feedback regulation [14] . However, our subsequent analysis revealed that Vash1 has an additional function that causes an upsurge in stress resistance of 2
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ECs by increasing the expression of superoxide dismutase 2 (SOD2) and SIRT1 in ECs [15] . Along with this finding, we observed that the decreased expression of Vash1 promotes vascular diseases such as diabetic nephropathy and atherosclerosis [16, 17] . We then noticed that the expression of Vash1 in ECs is downregulated with aging due to an increase in the expression of a certain microRNA, namely, miR-22 [17] . This observation raised the question as to why nature would allow a decrease in the expression of such a valuable protein with aging.
Because of the protective role of Vash1 in the vasculature, in this present study we assumed that vash1 −/− mice would have a short lifespan. However, to our surprise, vash1 −/− mice lived significantly longer and looked healthier than wildtype (WT) mice. Therefore, we examined the reason for this unexpected healthy longevity in vash1 −/− mice in relation to insulin signaling and further considered the meaning of this age-associated downregulation of vash1.
Materials and Methods

Quantitative Reverse Transcription Real-Time Polymerase Chain Reaction (qRT-PCR).
Total RNA was prepared from mouse tissues by using ISOGEN II (Nippon Gene, Tokyo, Japan) according to the manufacturer's instructions. Singlestranded complementary DNA (cDNA) was synthesized by using ReverTra Ace (TOYOBO, Tokyo, Japan). PCR was performed with a thermal cycler system (CFX-96 Real-Time system, C1000 Thermal Cycler, Bio-Rad, Hercules, CA, USA) and SsoAdvanced Universal SYBR Green Supermix (BIORad, Tokyo, Japan). -actin was used as the reference gene. The primer pairs are shown in Table 2 .
Animal Studies.
All of the animal studies were approved by the Center for Laboratory Animal Research of Tohoku University. WT and Vash1 −/− mice on a C57BL/6J background [18] were maintained under specific pathogen-free conditions with normal chow (CE-2; CLEA Japan Inc., Tokyo, Japan). WT and Vash1 −/− mice were separately maintained for a certain period of time. To exclude the possible genetic events accumulated over time during separate inbreeding, we crossed Vash1 −/− mice with WT mice, generated Vash1 +/− , and then obtained Vash1 −/− again. We defined mice at the age of 8-10 weeks as young and those at 24-26 months as old.
Excision of Certain Mouse
Tissues. Selected tissues such as white adipose tissue (epididymal fat pad), liver, and skeletal muscle were excised from the sacrificed mice, snap frozen, and stored at −80 ∘ C prior to examination.
High-Fat Diet (HFD) Feeding. Young WT and Vash1
−/− mice were fed a HFD (D12079B, Research Diets, Inc., New Brunswick, NJ, USA) for 12 weeks. After the mice had been fasted for 10 hours (daytime), blood was collected via a tail vein every 2 weeks. Fasting blood glucose levels were measured by using a Glutest mint (Sanwa Kagaku Kenkyusho, Nagoya, Japan −/− mice were minced and digested with collagenase I and Dispase II (Wako). The cell suspensions were then filtered through a 70 m cell strainer (BD) and treated with ACK Lysing Buffer (GIBCO) to remove erythrocytes. CD31-positive ECs were isolated by MACS with CD31 MicroBeads (Miltenyi Biotec) according to the manufacturer's instructions.
Quantification of vash1 Expression in Adipocytes.
3T3L1 preadipocytes were obtained from the Japanese Collection of Research Bioresources and cultured in Dulbecco's Modified Eagles Medium (DMEM)/low glucose media containing 10% fetal bovine serum (FBS; Sigma-Aldrich). Confluent 3T3L1 preadipocytes were cultured in differentiation medium consisting of DMEM, 10% FBS, 500 M 3-isobutyl-1-methylxanthine (Wako), 10 g/mL insulin (Wako), and 1 M dexamethasone (Wako) for 3 days, after which the medium was aspirated and replaced with growth medium containing 10 g/mL insulin. After 2 days, the medium was changed to growth medium for an additional 2 days to allow 3T3L1 cells to differentiate into mature adipocytes.
Total RNA was extracted from the cells by using an RNeasy plus mini-kit (QIAGEN). First-strand cDNA was synthesized from 1 g of total RNA by use of ReverTra Ace (TOYOBO). QRT-PCR was carried out as described above. Reactions were carried out in triplicate and contained either 1 L of the first-strand cDNA products or serially-diluted mouse Vash1 cDNA standards (1 × 10 to 1 × 105 copies). PCR conditions consisted of an initial denaturation step at 95 ∘ C for 3 min, followed by 40 cycles of 10 sec at 95 ∘ C, 10 sec at 56 ∘ C, and 30 sec at 72 ∘ C. Quantification analysis was carried out with Bio-Rad CFX Manager software (Bio-Rad Laboratories).
Statistical Analysis.
Data were expressed as the means ± SD. The statistical significance of differences between groups and values were calculated by using unpaired Student'stest or by one-way ANOVA followed by the Tukey post hoc test. A value of < 0.05 was the criterion for significance. The significance of the difference between survival curves was analyzed by Kaplan-Meier survival analysis with log-rank testing. A value of < 0.05 was the criterion for significance.
Results
Vash1 −/− Mice Live Longer with a Milder Senescence
Phenotype. We compared the lifespan of vash1 −/− mice with that of wild-type (WT) mice. Mice were fed normal chow, and no growth retardation or abnormalities were observed in the vash1 −/− mice. We initially speculated that the vash1
mice would have a short lifespan. However, to our surprise, vash1 −/− mice lived significantly longer than the WT ones. This observation was made in both male and female knockout mice, but the difference appeared earlier in the female mice (Figure 1(a) ). We also noticed obvious changes in their appearance. WT female mice at 2 years of age showed a senescence phenotype with missing hair, but such phenotype was scarcely observed in the vash1 −/− female mice (Figure 1(b) ). Also, the subcutaneous fat tissue became thinner in the WT female mice, whereas it was preserved in the vash1 −/− females ( Figure 1(c) ). Thus, vash1 −/− mice exhibited healthy longevity.
Mild Insulin Resistance in vash1
−/− Mice in Their Early Life. As insulin signaling is critically involved in the determination of lifespan; next we examined the metabolic status of the animals. Vash1 −/− mice exhibited mild but apparent insulin resistance without elevation of their blood glucose in early life (Figure 2(a) ), and such changes disappeared in late life (Figure 2(b) ). Histological analysis revealed no obvious changes in pancreatic islet in their early life (see Supporting Figure 1 in Supplementary Material available online at https://doi.org/10.1155/2017/9851380). Serum biochemical analysis further revealed that there were no obvious abnormal findings in the vash1 −/− mice, and besides, they had significantly lower levels of CRE, T-CHOL, F-CHOL, E-CHOL, PL, T-BIL, and D-BIL than the WT mice (Table 1) .
Decreased Expression of insr, irs-1, and irs-2 in the WAT of vash1
−/− Mice. Because of the presence of insulin resistance, we examined the major target organs of insulin and relevant genes that might cause insulin resistance. The expression of insulin receptor (insr), insulin receptor substrate 1 (irs-1), and insulin receptor substrate 2 (irs-2), but not that of Foxo1, was significantly downregulated in the WAT of vash1 −/− mice in their early life (Figure 3(a) ). However, we could not find any significant differences in insr, irs-1, or irs-2 expression between the WT mice and vash1 −/− mice in their skeletal muscle or liver (Figure 3(b) ). In order to understand the cause of these differential changes in isnr, irs-1, and irs-2 expression between WT and vash1 −/− mice among the 3 organs, we compared the level of vash1 expression in them. As shown in Figure 3(c) , the expression of vash1 in the WT mice dominated in their WAT in early life. This expression pattern can be confirmed in human in the Genotype-Tissue Expression Portal (Supporting Figure 2) . Thus, the distinctive expression WT and vash1 −/− mouse tissues. (c) Total RNA was isolated from WAT, liver, and skeletal muscle of young WT male mice, and the expression of vash1 was compared. In (a)-(c), the means ± SDs are shown, the statistical significance of differences was calculated by use of the unpaired Student's -test, and a value of < 0.05 was the criterion for significance.
* < 0.05.
pattern of vash1 among the 3 organs should explain such differential changes and further highlight the distinguishing role of vash1 in the WAT for the expression of insr, irs-1, and irs-2.
We further examined the expression of tnf as an inflammatory cytokine responsible for insulin resistance, as well as sirt1 and sod2 as targets genes of Vash1 in ECs, but we could not find any differences in their expression levels between from WAT of WT and vash1 −/− of young male mice, and the expression of sod2 and sirt1 was compared between WT and vash1 −/− mice. In (a) and (b), the means ± SDs are shown, the statistical significance of differences was calculated by use of the unpaired Student's -test, and a value of < 0.05 was taken as the criterion for significance.
WT mice and vash1 −/− mice in their WAT (Figures 4(a) and 4(b)).
We reported previously that the expression of vash1 is downregulated with aging [17] . We confirmed this ageassociated downregulation of vash1 in the WAT (Supporting Figure 3A) . Therefore, the difference in vash1 expression in WAT between WT mice and vash1 −/− mice was large in their early life and minimized in their late life. Accordingly, the differences in the expression of insr, irs-1, and irs-2 in WAT disappeared in their late life (Supporting Figure 3B) . We speculate this to be the reason why insulin resistance disappeared in their late life (Figure 2(b) ).
Vash1 is reported to be expressed preferentially in ECs ( [14] ; Shibuya et al., 2006). This was true in the WAT, as the expression of vash1 was dominant in CD31-positive cells isolated from the WAT (Figure 5(a) ). Moreover, the expression of vash1 in in vitro differentiated adipocytes was comparable to the standard copy number of 1-10 2 and was negligible ( Figure 5(b) ). These results highlight the particular role of endothelial vash1 in the expression of insr, irs-1, and irs-2 in the WAT.
Lack of the vash1 Gene Does Not Cause Diabetes Mellitus.
Finally, we tested whether or not the lack of the vash1 gene would be deleterious, causing diabetes. WT mice and vash1 −/− mice were fed a high-fat diet (HFD) for 12 weeks, with various parameters being monitored. Vash1 −/− mice were initially heavier than WT mice, but this difference disappeared later. Prior to HFD, we performed GTT and ITT and revealed the tendency of insulin resistance (Supporting Figure 4) . We also could not find any differences in the fasting blood glucose level during the HFD feeding period (Figure 6(a) ). Plasma adiponectin and leptin concentrations did not show any differences during the HFD feeding period (Supporting Figure 5) . After a 12-week HFD feeding, we also performed GTT and ITT. Those examinations revealed that vash1 −/− mice showed mild glucose intolerance and insulin resistance but never developed overt diabetes (Figures 6(b) and 6(c)).
Discussion
This is the first demonstration that conventional knockout of the vash1 gene causes healthy longevity in mice. This finding was unexpected and surprising to us, because we regarded Vash1 as an intrinsic factor that protects vascular ECs from cellular stresses. Indeed, when vash1 knockout mice are exposed to various stresses, they develop vascular diseases such as diabetic nephropathy and atherosclerotic lesions [16, 17] . Moreover, extensive stresses induced by palaquat administration cause acute lung injury and kill more vash1 knockout mice than WT mice [15] . Thus, the present unexpected findings forced us to evaluate how the lack of vash1 gene caused this healthy longevity.
As described earlier, insulin signaling is essential for glucose homeostasis, but it is also involved in longevity. The principal target organs of insulin for glucose homeostasis are the skeletal muscle, the liver, and the adipose tissue. Insulin plays its role in an organ-specific manner: promotion of glucose and fatty acid uptake in the skeletal muscle, suppression of gluconeogenesis in the liver, and inhibition of lipolysis and stimulation of lipid biosynthesis in the adipose tissue [19] . Among these 3 organs, WAT-specific knockout of the insr gene results in longevity [9] . Here we revealed that the expression of vash1 dominated in the WAT among these 3 organs and that gene knockout of vash1 in mice caused significant downregulation of insr, irs-1, and irs-2 genes in their WAT but not in their liver or skeletal muscle. Foxo1, one of the most widely expressed members of the subfamilies of the family of winged helix forkhead transcription factors, is a downstream Journal of Aging Research 7 substrate of insulin signaling for the determination of lifespan [20] , but its expression was not affected in the WAT of the vash1 −/− mice. The expression of sirt1 and sod2, targets genes of Vash1 in ECs [15] , was unchanged in the WAT, probably because their expressions were ubiquitous and not specific to ECs. Taking those findings into account, we propose that vash1 has a distinguishing role in the expression of insr, irs-1, and irs-2 in the WAT and that their expression may be at least one of the causes of longevity of vash1 −/− mice.
Recent studies on insulin resistance emphasize the presence of inflammation and alteration of certain cytokines in the adipose tissue even when the focus is on the contribution of adipose ECs, and such insulin resistance rather results in a short life [21] [22] [23] [24] [25] . Our results on the expression of tnf did not indicate the involvement of inflammation in the vash1 −/− mice. Alternatively, because of the intimate anatomical arrangement between adipocytes and capillary networks, blood vessels may directly control the adipocyte function. Indeed, alterations in VEGF signaling modify vascular structure/function and change the insulin sensitivity of adipose tissue independent of inflammation [26] [27] [28] [29] . But the lifespan and the status of insr, irs-1, and irs-2 expression were not characterized. The present study is the first to indicate the functional interaction between ECs and adipocytes, as vash1 produced by adipose ECs influenced insulin sensitivity by modulating the expression of insr, irs-1, and irs-2 in the WAT. The molecular mechanism explaining how vash1 regulates the expression of insr, irs-1, and irs-2 in the WAT is currently under investigation. We previously reported that the expression of vash1 decreases with aging [17] . Insulin resistance and the decreased expression of insr, irs-1, and irs-2 in the WAT of vash1 −/− mice were evident in their early life but disappeared in their late life. These alterations could be explained by this age-associated downregulation of vash1 in the WAT, as the difference in vash1 expression between WT mice and vash1 −/− mice was large in their early life but diminished in their late life. Then, the question is raised as to whether such changes in the early life of vash1 −/− mice can influence longevity in their late life. An increasing amount of evidence indicates that nutritional events and/or hormonal alterations during development influence longevity in later life [30] . We therefore think it is possible that insulin resistance due to the decreased expression of insr, irs-1, and irs-2 in WAT in early life might influence the lifespan of vash1 −/− mice. . The statistical significance of differences was calculated by use of the unpaired Student's -test, and a value of < 0.05 was the criterion for significance. (b) After a 12-week HFD feeding, the GTT was performed. Open circle, WT mice; closed circle, vash1 −/− mice. Area under the curve (AUC) is shown on the right. Means ± SDs are given ( = 7). The statistical significance of differences was calculated by performing the unpaired Student's -test, and a value of < 0.05 was the criterion for significance. (c) After a 12-week HFD feeding, the ITT was performed. Open circle, WT mice; closed circle, vash1 −/− mice. AUC is shown on the right. Means ± SDs are given ( = 7). The statistical significance of differences was calculated by use of the unpaired Student's -test, and a value of < 0.05 was taken as the criterion for significance.
As a decrease in vash1 expression makes the vasculature vulnerable to cellular stresses, we were puzzled and wondered why nature would allow a decrease in the expression of such a valuable protein with aging [17] . There must be a reasonable explanation. In accordance with our present observations, we now speculate that vash1 influences not only tolerance toward vascular stresses but also insulin signaling, especially in the WAT, and that one purpose of age-associated downregulation of vash1 might be to afford healthy longevity.
Importantly, vash1 −/− mice exhibited mild insulin resistance but never developed diabetes even when fed a HFD. This failure was probably because the downregulation of insr, irs-1, and irs-2 in the vash1 −/− mice was limited to the WAT. As described earlier, there remains a challenging question as to how preserved insulin signaling for glucose homeostasis and reduced insulin signaling for longevity can be balanced in the body. We consider that the prominent function of vash1 in insulin signaling in WAT can be a promising answer to this question.
Conclusion
The expression of vash1 is involved in normal insulin sensitivity, and the targets of this effect are insr, irs-1, and irs-2 genes in the WAT. The lack of the vash1 gene causes mild insulin resistance and that might have contributed to healthy longevity without the development of overt diabetes. Our present findings should open a novel avenue for further research on healthy longevity.
